The present paper extends previous efforts to compare models of additivity of masking in normal and impaired listeners to measures of loudness. A model that provides a good account of additivity of masking for normal and impaired listeners, the modified power-law model with compressed internal noise, also provides a good description of basic loudness data from normal and impaired listeners. This model has been discussed frequently in the literature on loudness as one means of correcting loudness functions near threshold, but has not been widely accepted. The applicability of this model to loudness growth and the summation of loudness, both monaurally and binaurally, is evaluated and compared to the more generally accepted alternative. The ability of the model reported here to account for growth of loudness near threshold, as well as the additivity of masking, suggests a need to reconsider its application to loudness data, as well as a need to reconsider the relation between loudness and masking.
INTRODUCTION
In a series of papers, we have described a model of the additivity of masking (Humes and Jesteadt, 1989 ) and the application of that model to sensorineural hearing loss (Humes et al., 1988) . The model assumes a nonlinear transform relating measured masked thresholds to underlying internal effects. The transform, referred to as the modified power law with compressed internal noise by Humes and Jesteadt (1989) , has the following general form: where ix represents the internal effect produced by masker X at the signal frequency, IMx x is the intensity of the signal at masked threshold for masker X, Iox is the intensity corresponding to quiet threshold at the signal frequency, and P is a value ranging from 0.0-1.0. The model accounts for nonlinear additivity of masking by assuming simple additivity of internal effects, as suggested by Penner (1980) and Penner and Shifttin (1980) . Given that ix is the internal effect of masker X, and i• is the internal effect of masker Y, then the internal effect associated with the combined masker, ixy, is given by ixy = ix + iy. To obtain the signal intensity at masked threshold for the combined masker, it is necessary to apply the inverse transform of Eq. ( 1 ) to the internal effect associated with the combined maskers, ixy, as given by
lMwx• = ( ix•, + I • ) '/•.
The above model is a modification of a power-law model of masking additivity described most recently by Lutfi ( 1983 Lutfi ( , 1985 ). An important part of the rationale for the use of a power-law nonlincarity in models of the additivity of masking is the widespread application of power laws in the sealing of loudness, as well as sealing of other sensory continua (Stevens, 1957 (Stevens, , 1975 
Lochner and Burger, 1961 ).] It assumes that loudness at
threshold is subtracted from total loudness to arrive at the loudness of the stimulus itself, an idea generally attributed to Steinberg and Gardner (1937) . In this paper, we apply this particular threshold correction to various measures of loudness, including loudness growth, menaural loudness summation, and binaural loudness summation, in both normal and impaired listeners. Emphasis is placed on the ability of the power-law model with compressed internal noise to fit large sets of data with a single power-law exponent and on parallels between the data for loudness and the additivity of masking. In most cases, the sets of data chosen as examples are widely cited in the loudness literature. We have not attempted a comprehensive review of all the published data. We begin with a brief overview of alternative models of the growth of loudness. Stevens (1953) one of the first and most widely discussed modifications of the power law was described by Luce(1959) and Stevens (1959) . This mode!, later proposed as a generalization of the psychophysical law by Stevens (1966) , has the following form:
I. MODELS OF THE GROWTH OF LOUDNESS
where Lx is the loudness of signal X, Ix is the intensity of signal X, I, is the intensity corresponding to threshold for the signal, and k and P are as defined in the classic power-law model. While Eq. (2) has been proposed as a correction for quiet threshold, Stevens (1966) suggested that it might also be applicable to other types of threshold elevation, such as masked threshold, with the right choice of parameters. The general framework outlined in the introduction makes no distinction between quiet and masked threshold, and we will examine the predictions of Eq. (2) in several different contexts. Because one simply subtracts the threshold intensity from the stimulus intensity prior to compression, we will refer to this model as the linear-correction power law. The dashed lines in the left panel of Fig. 1 
II. MODELS OF LOUDNESS MATCHING AND LOUDNESS SUMMATION
Equations (2) and (3) describe loudness functions of the type obtained using magnitude-estimation or magnitude-production paradigms. Before proceeding to an evaluation of these two models, it is important to review briefly their respective predictions for loudness-growth and loudness-summation data obtained with loudness-matching or balancing paradigms. Several additional equations will be described for the application of the models represented by Eqs. (2) 
III. GROWTH OF LOUDNESS
It is well known that the loudness of low-frequency sounds grows more rapidly than the loudness of mid-or The growth of loudness at low frequencies is probably best studied under free-field conditions. When low frequencies are presented under headphones, the quiet threshold will be due, in part, to the masking produced by physiological noise within the occluded ear canal (Anderson and Whittle, 1971 ). In addition, discrepancies between couplercalibrated sound-pressure levels and real-ear sound levels for headphone presentation of stimuli can make interpretation of the data difficult, especially at low frequencies where such discrepancies are typically quite large.
The primary loudness-growth data available from the free field for different sound frequencies are the equal-loudness contours obtained by Robinson Surprisingly few data are available from impaired listeners using direct measures of loudness, such as magnitude estimation or production. A recent study by Dodd et al.
(1987) presents such measurements from both normal and impaired listeners. Magnitude estimates of loudness were obtained for pure tones of 250, 1000, and 4000 Hz. For all subjects, the sound levels ranged from 2-rib sensation level to roughly 100 dB SPL. Using Eq. (2), they found a best-fitting exponent of 0.15, with significant effects of signal frequency and subject group. Using the power law with compressed internal noise [Eq. (3) ], however, they observed no significant effect of either signal frequency or subject group on the best-fitting exponent. The average exponent for these data was approximately 0.08 when averaged across groups and frequencies. The low exponent suggests that subjects may have been using a category scale rather than true magnitude estimation. Despite the low exponent, it is noteworthy that the same value of P provided the best description of the growth of loudness for normal and impaired listeners and for low (250 Hz) and high (4000 Hz) frequencies.
IV. MONAURAL LOUDNESS SUMMATION
Measures of mortaural loudness summation are the loudness analog of masking additivity. Typically, the loudness of two different sounds is measured for each sound separately and in combination. Marks (1979) The bottom panel of Fig. 7 shows the summation of loudness for eight levels of the 300-Hz tone and eight levels of the 1000-Hz tone. Once the stimulus levels for each tone are transformed to loudness estimates using Eqs. (2) 
V. BINAURAL LOUDNESS SUMMATION
The addifivity of loudness also occurs for stimuli presented to both cars simultaneously and is generally referred to as binaural loudness summation. Figure 8 shows magnitude estimation data reported by Marks (1978) that demonstrate binaural summation of loudness at three signal frequencies. The dashed lines in the top three panels represent predictions of the linear-correction model whereas those in the bottom three panels represent the predictions of the compressed-internal-noise model. The following constraints on the fitting process were imposed for both models: (1) The same exponent was used for both ears and all three frequencies; (2) the same value ofk was used for both ears, but k was allowed to vary with frequency; and (3) for binaural predictions, k was assumed to be simply twice the best-fitting menaural value. In addition, because the quiet thresholds of these subjects were not reported by Marks (1978), we assumed threshold levels consistent with a 0 dB HL threshold re: ANSI S3.6-1969. The best-fitting values of P and k for both models appear in each panel of Fig. 8 . At all frequencies, the compressed-internal-noise model provides a better description of these data (accounting for 98% of the variance) than the linear-correction model (accounting for 95% of the variance). This is particularly apparent at low soundpressure levels. It is also apparent that binaural summation of loudness can be described by a doubling of the loudness at each ear under conditions in which the loudness at each ear is equated. 
where R is a new parameter and all other variables are as defined previously for Eq. (3). Dr. Neely noted that this equation can be made to take the form of either Eq. (2) or (3) by setting Por R to 1.0, respectively. Dr. Marks noted that the R parameter could be considered as a possible nonlinear transformation of the response, a formulation that has much in common with the model described by Penner and Larkin (1990) , and that R would drop out in loudnessmatching paradigms. While this equation has interesting properties, the fact that R plays no role in loudness matching, a paradigm for which many central effects can be demonstrated, suggests the need for a still more complex formulation to account for such effects. We have neither the theoretical framework nor the data required to develop a more complex model. It is clear, however, that simultaneous consideration of data from matching and magnitude-estimation paradigms places considerable constraints on such models. We have imposed an additional constraint by requiting that the same nonlinear transformation play a role in the nonlinear effects observed with multiple maskers. Equation (3) provides a remarkably good account of these three types of data and appears to be a good starting point for the development of a more general model that makes specific assumptions concerning the role of central factors.
The good fit of the compressed-internal-noise model to the loudness data has several important implications. First, as with all power4aw models, it suggests that two sounds may interact over a range of intensities much broader than the 10-dB range over which significant interactions are expected in a linear system. The data on the monaural-and binaural summation of loudness, for example, indicate that two stimuli can differ in level by 30-40 dB and still combine in an additive fashion. Second, the ability of the compressedinternal-noise model to describe the growth of loudness with a constant exponent under conditions where threshold varies as a function of frequency, masker level, or degree of hearing loss, suggests that it is not necessary to assume a change in the exponent under these conditions. The more rapid growth of loudness seen in the data is a direct result of a higher threshold and not the result of higher exponents for the loudness-growth functions. This conclusion is supported by use of the Zwislocki (1965) The term compressed internal noise has been used throughout this paper under the assumption that threshold is determined by internal noise in the majority of the conditions that we have considered. The model contains no explicit reference to internal noise, however, and we assume that threshold, however it is determined, is the key factor. In eases where the effects of internal and external noise are combined, we assume that the individual effects are compressed, then added to determine threshold. Since threshold is the key variable, simulation of sensorineural heating loss using an appropriate masker should result in loudness and loudness-matching functions comparable to those obtained from a hearing-impaired listener with identical thresholds.
As noted recently (Humes eta!., 1991 ) , however, when accomplishing such simulations, care must be taken to assure that the masker simulating the heating loss and the stimulus whose loudness is being judged do not overlap temporally or spectrally.
